Although the prevalence or even occurrence of insect herbivory during the Late Carboniferous (Pennsylvanian) has been questioned, we present the earliest-known écologie evidence showing that by Late Pennsylvanian times (302 million years ago) a larva of the Holometabola was galling the internal tissue of Psaronius tree-fern fronds. Several diagnostic cellular and histological features of these petiole galls have been preserved in exquisite detail, including an excavated axial lumen filled with fecal pellets and comminuted frass, plant-produced response tissue surrounding the lumen, and specificity by the larval herbivore for a particular host species and tissue type. Whereas most suggestions overwhelmingly support the evolution of such intimate and reciprocal plant-insect interactions 175 million years later, we provide documentation that before the demise of Pennsylvanian age coal-swamp forests, a highly stereotyped life cycle was already established between an insect that was consuming internal plant tissue and a vascular plant host responding to that herbivory. This and related discoveries of insect herbivore consumption of Psaronius tissues indicate that modernstyle herbivores were established in Late Pennsylvanian coalswamp forests.
Holometabolous insects are the most diverse group of organisms and currently constitute 90% of all insect species. As a clade, the Holometabola is defined by the synapomorphy of a structurally and ecologically differentiated larva separated from the adult by a distinctive pupal stage (1), a condition known as complete metamorphosis. Primitive Holometabola are known from Early Permian body-fossils of ==280 million years ago (Ma) that include the immediate stem groups of the Mecoptera, Neuroptera, and Coleóptera (see Table 1 ). While this early occurrence has been known for 70 years (2) , little evidence has been available to address the life habits of the earliest known members of these clades. Virtually all autecological inferences regarding early Holometabola are uniformitarian projections into the Late Carboniferous of behaviors from plesiomorphic clades within modern insect orders (3, 4) Our evidence for the earliest known insect gall and holometabolan insect consists of anatomically and three dimensionally preserved structures occurring in tree-fern petioles (5) of Late Carboniferous age (Pennsylvanian Subperiod). Insect gallers are geographically and ecologically diverse in the modern world and arose independently in numerous lineages within two hemipteroid and four holometabolous orders (6) . Although galls have an under-appreciated fossil record (6, 7) and many examples are known from the Late Cretaceous and Cenozoic (7), three convincing occurrences have been recorded prior to the mid-Cretaceous ecological expansion of angiosperms (7) . Whereas the fossil gall record extends this endophagous life habit into the Permian (7, 8) , nothing is
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known of the histological details of these galls, their structural comparisons to modern galls, or the identity of their culprits.
Geochronological Context and Techniques of Preparation
From 28 known occurrences of galled tree-fern petioles from the Upper Pennsylvanian Mattoon Formation of the Illinois Basin (unpublished data), 7 undistorted specimens have been intensively studied. These galls originate from the Calhoun and Berryville localities of the Calhoun coal-ball flora of eastcentral Illinois (10) , and are «»302 million years old (Ma), corresponding to the early Kasimovian Epoch of the Late Pennsylvanian, approximately equivalent to the Stephanian A of former European terminology (11) . The Calhoun coal-ball flora is dominated by marattialean tree-ferns with subordinate arborescent components of meduUosan seed-ferns, sigillarian lycopods, and calamitalean sphenopsids (10) . The peat deposit was buried in a carbonate-rich environment marginal to an epicontinental sea, when Euramerica lay astride the Late Pennsylvanian equator (12) . Although subsequent and rapid carbonate permineralization of plant tissues resulted in preservation of anatomically exceptional cellular detail, this preservational mode did not extend to the fauna. Nevertheless, widespread plant tissue damage and compositionally identifiable fecal pellets embedded in plant litter provide evidence for diverse arthropod-mediated interactions with vascular plants (5, 13, 14) .
Preparation of plant tissues permineralized as coal balls involved initial sawing of coal balls into slabs, followed by grinding of the slab surface, acid etching in hydrochloric acid, and finally application of cellulose acetate peels to the etched surface (15) . Permineralized coal balls were initially cut into 3-to 5-cm-thick slabs by a diamond-edged saw and then washed in detergent to remove excess cutting oil. The surface of each cleaned slab containing tree fern and other plant tissues of interest then was smoothed by 500 grit silicon carbide powder on a glass plate and then washed. After acid etching in 5% hydrochloric acid for 13 sec, the slab surface was again air-dried, followed by applying a cellulose acetate sheet onto the slab surface. This was done by flooding the surface with acetone, followed by immediate rolling of a sheet of cellulose acetate onto the surface prior to evaporation of the acetone. After several hours to one day the peel was removed. Glass microscopic slides (52 X 76 mm) were made by embedding a relevant region of the acetate peel, smooth-side-up, in Canada balsam.
Results
The fossil galls are swollen parenchymatous abnormalities known only from the basal petioles (the form-genus Stipitopteris) that support and supply the broad, tripinnate fronds of the marattialean tree-fern Psaronius chasei Morgan ( Proc. Nati. Acad. Sei. USA 93 (1996) replaced by frass and are surrounded by nutritive tissue produced as a response by the host plant to endophagous herbivory ( Fig. 1 b-e and _/). Central lumen frass consists of wedge-or lens-shaped fragments of undigested ground tissue distributed among scattered but distinctive fecal pellets and empty regions that were postdepositionally replaced by calcite ( Fig. 1 b, d , andy). These fecal pellets are cylindrical, about 1.5 times longer than wide, lack external surface features, and have jagged ends characterized by brittle fracture ( Fig. 1 ¿-/and;). Each fecal pellet contains a distinctive, dark matrix of mostly collapsed cells interspersed among gum-sac cells (13) identical to those found in adjacent Stipitopteris ground tissue ( Fig. 1 g  and h) . The lumens of most rhachises contain a few intact, cylindrical pellets, and many pellet fragments. A frequency distribution of those coprolite diameters with circular crosssections, pooled from all measurable specimens (Fig. 2) , demonstrates four distinct modes that probably represent four larval instars. Each mode is separated by an average factor of 1.33 (range = 1.47-1.23; n = 102). This value is consistent with intraspecific size increases in insect instars, codified as Przibram's Rule, and borne out in fecal pellet widths of modern beetle and moth species (18) (19) (20) .
Encircling the lumen are adaxially oriented, bulbous tufts of nutritive tissue, each impinging on neighboring tufts to form a mostly continuous layer of variable thickness. Zones of contact between adjacent tufts exhibit a dark, opaque substance suggestive of trapped mucilage. Each tuft is a series of radial files of hyperplasic and occasionally hypertrophie cells whose longitudinal axes are aligned perpendicular to the abaxial, unmodified, bricklike parenchyma cells paralleling and immediately surrounding the vascular cylinder. There is evidence for an exit channel between the outer petiolar surface and the inner lumen in two specimens (Fig. 1/) .
Discussion
The overall structure oiPsaronius fronds was first figured and described by Stidd (17) , who interpreted Stipitopteris specimens with anomalous tissues and contents as representing abnormal parenchymatic development. Lesnikowska (13) correctly identified the parenchymatic proliferation as evidence of herbivory. From comparisons with abiotically induced reaction tissue and all major types of extant galls, we conclude that the structure is demonstrably a gall. It possesses the three key features for assignment to an insect gall (6, 21, 22) ; (;) evidence for consumption of host plant tissue, such as a frass; (H) host response of hypertrophie and/or hyperplasic tissue surrounding the evacuated area; and (Hi) an exit hole from the lumen.
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FIG. 2. Frequency distribution of coprolite diameters with circular cross-sections, from the lumens of galled Stipitopteris rhachises. The sample is pooled from several specimens, and care was taken to select serial sections sufficiently separated in the same specimen to avoid measurement of the same coprolites. A total of 102 measurements were taken and assigned to the nearest tenth of millimeter.
Additionally, the structure exhibits tissue and organ specificity of a particular plant host. The first three criteria are anatomical features common to all arthropod gallers (mites and insects) but collectively disallow plant responses induced by viruses, bacteria, fungi or nematodes (21) .
Identity of the Artliropod Galler. Several lines of evidence indicate that the galler was a holometabolous insect. First, relatively large, barrel-shaped, and solid fecal pellets with fractured ends, composed of undigested gum-sac cells and other adjacent tissue fragments, circumscribes the culprit as a holometabolous insect galler. Although some mites are gallers (6), they are not implicated since their fecal pellet sizes are smaller by approximately an order of magnitude (6, 23, 24) . Apterygote, paleopterous, and orthopteroid insects are not gallers and, moreover, void fecal pellets that are irregularly shaped, spiral, spindle-shaped, or ellipsoidal (25) . The only nonholometabolous insects that gall plants are hemipteroids that feed on vascular sap or cellular protoplasts. They are excluded since potentially galling, fluid-feeding lineages do not occur until the Early Permian (1, 26), and they excrete structureless fluid (27) or do not anally excrete (9) and lack a distinctive, well-developed zone of nutritive tissue surrounding the larval cavity (21) . In contrast, large holometabolous larvae void excreta as a continuous, solid bolus and, because of rectal water uptake mechanisms, the fecal bolus exits in a relatively dry state that is subjected to considerable breakage (28, 29) .
Additionally, the angular parenchyma fragments dispersed in the lumen, interpreted as macerated but undigested frass, indicates a mandibulate, endophytic insect. Modern borers and gallers do not ingest all the tissue they chew (30) (31) (32) , resulting in the association of fecal pellets with wood fragments or wedges of adjacent parenchyma that are collectively termed frass. Last, we note the excavation of a considerable length of central ground tissue within an elongate fern rhachis, up to 24 cm in one specimen, replete with continuous nutritive tissue organized into lumen-invading tufts. Such endophagy reflects a life-habit characteristic of holometabolous larvae (21, 30, 33 ) that is extremely rare in other arthropod gallers (34). Although we cannot exclude the possibility that the galler was an extinct nonholometabolous insect, functional inference from extensive documentation of the life habits of modern gallers (4, 6, 21, 22, 30, 35, 36) , and the absence of gaUing in extant myriapods and mandibulate nonholometabolous insects, restricts the culprit identity to a grublike holometabolous larva.
The most plesiomorphic clades of five major lineages (orders) of extant Holometabola are dominated by detritivorous or herbivorous larval life histories that are relevant to the presence of Late Pennsylvanian gallers ( Table 1) . None of these lineages are known from the Late Pennsylvanian (Fig. 3) , although two taxa from the earlier Mazon Creek deposit in north-central lUinois have been interpreted as holometabolous by some (1, 37, 40) . Only Neuroptera and Hymenoptera contain primitively herbivorous clades that are plausible candidates as the galler of Stipitopteris: Neuroptera, because of Early Permian stem-group representatives (1, 26, 41) , and Hymenoptera, by virtue of the similarity in larval life habits with the Stipitopteris galler (Table 1 ) of blasticotomid and tenthredinid sawfhes which are modern stem-and petiolegallers in ferns (4, 42, 47, 48) . While galled Stipitopteris resembles sawfly larval damage, the galler remains unassignable to any known extant lineage.
Late Pennsylvanian Life Habits of tlie Holometabola. Although holometaboly is postulated to have originated during the Pennsylvanian (49-52), three contrasting hypotheses have been proposed for the hfe habits of the ancestral holometabolous larva. One view, the campodeiform hypothesis, suggests that the ancestral holometabolan larva was cursorial, actively predaceous, possessed thoracic legs, and was similar to an aquatic megalopteran larvae with well-developed gills (51, (53) (54) (55) . A second hypothesis posits a detritivorous, cruciform Evolution: Labandeira and Phillips larva similar to a modern mecopteran or a primitive tenthredinoid caterpillar, possessing well-developed thoracic legs and abdominal prolegs, and feeding exophytically on detritus or possibly foliage (2, 40) . This type of primitive larva was recently (1) and Kristensen (43, 44) , calibrated by the earliest fossil occurrences (26, 45, 46) of constituent clades. Designations in panel at left indicate, from left to right, absolute age in millions of years, geologic era, and geologic period; the Carboniferous Period is subdivided into the Mississippian and Pennsylvanian subperiods (11) . Cladogram symbols: dots represent first body fossil occurrences; solid lines record known presence from body fossils; and dotted lines record inferred presence based on sister-group relationships. The stippled bar designates the duration of the Kasimovian Epoch of the Late Pennsylvanian Subperiod (11) ; the Calhoun Coal is dated at 302 Ma (10) in the lower part of the interval.
illustrated by Kukalová-Peck (40, 45) from the Middle Pennsylvanian of Illinois. Finally, an older hypothesis suggests that the ancestral larval holometabolan was an eruciform grub with poorly developed thoracic legs and abdominal prolegs, occurring endophytically within plant tissues, and most likely a stem-borer or galler similar to a modern tenthredinoid or cephoid sawf ly (35, 56, 57) . Our data supports the presence of such an endophytic, grublike larva during the Late Pennsylvanian. The presence of these ecologically specialized larvae, in conjunction with recent developmental evidence indicating that campodeiform larvae are primitive within Holometabola (58, 59) , supports a view that holometabolous larvae were already morphologically and ecologically differentiated by Late Pennsylvanian times. It is noteworthy that evidence now suggests that the larvae of early Uneages of Holometabola interacted with plants, endophytically as grubs and possibly exophytically as caterpillars.
In particular, the galled Stipitopteris fronds support Lameere's hypothesis (3) for endophytic holometabolous larvae in Pennsylvanian swamp forests, elaborated by Malyshev (4) who suggested that such larvae were mecopteroid, sawf lylike ancestors. Our data are inconsistent with various assessments that posit the origin of the galling life habit contemporaneously with the angiosperm radiation (35, 36, (60) (61) (62) . The presence of a Psaronius galler provides direct evidence for the presence of intimate autecological coupling between an endophagous larval insect and a histologically responding vascular plant 175 million years eariier, during the Late Pennsylvanian.
The Extent of Herbivory During the Latest Pennsylvanian. Our documentation of gallers on Psaronius frond rhachises is paralleled by the presence of several other herbivore functional feeding groups on the same host plant (5) . Evidence now exists for piercing-and-sucking of vascular tissue of the same frond rhachises (5, 13, 63) , as well as external foliage feeding on pinnules, rhachis epidermal scales, and sporangia, apparently by mandibulate insects (ref. 5; unpublished.data) . Collectively these data indicate that diverse insect dietary guilds were established on Psaronius tree ferns during the beginning of the Late Pennsylvanian, and virtually all above-ground live tissues were targeted for consumption by herbivores. Additionally, insect and mite detritivores were consuming, respectively, the stem parenchyma and root mantle tissue of Psaronius trunks (5, 14, 64) .
This emerging picture of the partitioning of diverse tissues by herbivores on Psaronius tree ferns during the Late Pennsylvanian, contradicts widespread notions that emphasize a lack of evidence for Pennsylvanian and even Early Permian herbivory (40, 60, 61, (65) (66) (67) , with the possible exception of consumption of megaspores, seeds, or fructifications (4, 40, 62, 66) . By contrast, these and coordinate data indicate that. Proc. Nati. Acad. Sei. USA 93 (1996) excepting the absence of leaf miners, the herbivores of Psaronius formed a modern-style community of diverse insect consumers targeting specific tissues of the same host plant (68) . Although the exact taxonomic identities of coeval insect species cannot be associated with the distinctive types of plant damage documented in this and related studies, the ecological roles of these taxonomically unknown insect herbivores can be established independently, thus revealing an otherwise inaccessible fossil record of early plant-insect interactions. As primary data for the interactions of insects with plants, well-preserved herbivore-mediated damage of plant tissue and analysis of coprolite contents not only provides illuminating glimpses into ancient autecological associations, but is the only direct way of establishing how early insect herbivores dietarily subdivided their food resources.
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